We present a scheme to retrieve the initial spectrum of probe molecules in the near field. This is achieved by replacing conventional glass substrates with a hybrid mode photonics chip to create rich and persistent mode distributions and by observing the far-field scattering pattern. The manner of coupling from near field to far field is confirmed by the calculated dependence of the coupled emission signal on the unique material properties. By using an optimization algorithm to retrieve the intensity ratio of near-field optical signals in each frequency band gradually without the need for complicated instruments and time-consuming acquisition processes, our method can achieve broadband non-distortion spectral analysis in an enhanced optical antenna by selecting substrate parameters.
Introduction
The spectrum of near-field probes can characterize their initial radiation properties, which also accurately represent the geometric and material properties of the surrounding environment in a subwavelength resolution. Especially in the field of integrated optics, interferences between different states in complex microsystem always rely on accurate independent spectrum to manifest [1] [2] [3] [4] [5] . Traditional techniques based on near-field microscopes and high-precision spectrometers are satisfied only with the general aim in near-field optics, that is, extending optical measurement beyond the diffraction limit or improving instrument sensitivity to receive weak signals, but these are cumbersome and time-consuming. In the current study of near-field interactions, the most obvious and common way is using optical antennas to control light at the nanoscale [6] [7] [8] [9] [10] . The specific design and parameter engineering of diverse resonant structure give rise to superior performance on controlling far-field scattering through intermodal interference [11, 12] . Meanwhile, accurate feeding of nanoantenna by vector beams also precisely achieves dynamic control of scattering intensity [13] [14] [15] [16] [17] [18] and scattering directivity [19] [20] [21] . However, the solution to the inverse problem is always undesirable. It is difficult to obtain near-field information such as precise positioning and spectral distribution directly from far-field observations. On the one hand, there have been latest results indicating that spatial light can feed back accurate location information [22] [23] [24] . Nonetheless, in the measurement in far field, on the other hand, avoiding the spectral broadening and frequency shifting caused by the interaction between the sample and the probe is difficult [25] [26] [27] , which leads to the perfect detection of the raw spectral signal still being a problem.
Fortunately, the emission pattern of directional enhancement from the junction of molecular probes and structures was experimentally demonstrated several years ago [17, [28] [29] [30] [31] , which brings a positive aspect for solving the above problem. In this process, surface plasmon (SP) polaritons are subtly converted to a scattering pattern, which also means that, in turn, we can use the structural properties to calculate the spectrum. In bioimaging, the unidirectional nature and field enhancement effect of the coupled emission provide great help for detecting fluorescence molecules and Raman signals [32, 33] . However, due to this nature of SP coupled emission (SPCE), on the contrary, it does not have good spectral resolution [31, [33] [34] [35] . This also means that the spectrum information derived from SPCE cannot identify substances quickly.
To illustrate the problem, in this article, we replaced the traditional slides in microscopy with a quite simple two-dimensional multilayer structure and found good performance on retrieving the near-field spectrum directly. When the nanostructures in the experiment are usually designed as optical antennas, it can accommodate multiple modes. Not just the surface state, but also bound modes and propagate modes can be coupled to the far field in their specific orientation and intensity under certain excitation conditions, which provides a good idea for us to study the behavior of near-field optics [36, 37] . However, in most cases, many coupling emissions will superimpose at similar angles because of the same propagation constant, impeding the accurate reconstruction of the spectrum. By studying the interference between modes and the corresponding far-field coupled emission, we adjusted the geometric parameters that support appropriate modes and completed a resolvable coupling emission in a proper spectral resolution, called non-degenerate coupling emission. The structure we used here simultaneously contains two types of modes: SPs and Tamm plasmons (TPs) [16, 36, 38] . Each of them is relatively independent, and the final farfield electric field distribution is the result of its non-coherent superposition. Nevertheless, the coupling strength of the two modes varies with the frequency in the visible light region. More importantly, it is possible to achieve an initial spectrum of the near-field source, such as an unknown fluorescent probe or original enhanced Raman scattering in the detection of the emission light field. The results can be derived from a far-field electric field distribution of a dipole near the multilayer nanostructure. A rigorous simulation based on the transfer matrix explains how the spectrum is extracted from scattering pattern under specific structures [39] [40] [41] . By recording far-field patterns in all directions, the coupling strength of different radiation angles in two modes can be used to retrieve the probe's relative ratio between different frequencies. This mode of non-degenerate coupling method and corresponding inversion algorithm directly links the far-field scattering with the original spectrum information of the probes without sophisticated and time-consuming detection.
Theory and methods
To start with, we consider the emission of general dipoles = 0, [ ] 0, z p p with the moment perpendicular to the substrate surface. Due to the broadband spectrum of the probe molecules, we choose dipoles of multiple wavelengths contained from 500 nm to 700 nm as fluorescence probes above a well-designed substrate. The dipoles are put in a gaseous environment close to the interface. The substrate is a kind of hybrid photonic-plasmonic structure that includes a metal layer and a typical defect-containing photonic crystal multilayer film [27, 36] . This similar geometry is widely used in nano-optical antenna applications [29, 30] . Compared with the traditional SP substrate, we simply call it the Tamm substrate. To clearly analyze the relationship between mode couplings, we first assume that all dipoles have the same radiation intensity at each frequency. Angular radiation patterns in the polar angle (θ) are shown in Figure 1A . The polar value at an angle in the graph can represent the fluorescent far-field radiation intensity at this selected polar angle. Due to the modulation of the structure, a significant portion of the scattered light exits in a small angular range. The projection of this scattering pattern on the Fourier plane is precisely the back focal plane pattern that can be directly observed in the experiment, and details including structural parameters can be found in the supplementary information. For a more intuitive representation, angularly resolved (normalized) power emitted at the certain range of frequencies in the Tamm substrate from vertically oriented dipoles is shown in Figure 1B . A wide and bright ring that gradually decays the outer diameter increases, indicating the radiation intensity of the dipole at different angles. Because the substrate can support a hybrid mode, which corresponds to different propagate constants, the dipole has a wide emission range and can cover multiple angles. When the substrate can only support SP mode, due to the directional property of SPCE, the coupled emission fields are sharp and narrow, shown in Figure 1C as a comparison. To study the spectral modulation of the structure in a specific direction, we extracted the profile along the x-axis in this scatter pattern, and the result is shown in Figure 1D . Each point on this curve reflects the signals in the far field emanating from uniform probes in various angles. Obviously, directional radiation can be achieved on both substrates, except that the divergence angle is relatively wider in the Tamm substrate. The side lobes in this scattering profile are one of the key factors to retrieving the spectrum. Nevertheless, before that, it is worth noting that the coupling emission between the modes is very different. This mode-dependent coupling in the substrate provides a control mechanism of the scattered radiation and forms the basis for spectral retrieving when multiple modes are considered.
From the above discussions, we have seen for a simple dipole on a substrate that the way of coupling changes significantly with the proper choice of the material parameters. More importantly, in the small-angle region, the cumulative coupling effect of the Tamm mode is not obvious, but it is still a key factor in our experiment to extract spectrum from far-field measurements. Those small fluctuations are due to the superposition of radiation of different frequency dipoles at corresponding emission angles, shown in the illustration in Figure 1D . In order to explore the role of these fluctuations in spectral retrieving, and considering that the amount of energy that the emitter transfers in each mode depends on the coupling strength of the mode, the coupled emission efficiency curve is calculated through the method of transfer matrix from the structural parameters of the substrate, shown in Figure 2A . In this image, similar to the dispersion curve of the structure, the relationship between the emission angle and the wavelength is reflected. In addition, here, it is also shown that the dipoles of each frequency have a significant difference in the emission angle and intensity under coupling of multiple modes in the structure. In the region smaller than the critical angle, the intensity of the coupled emission is not particularly strong, but its emission angle increases rapidly as the frequency increases. Since the transmission or reflection intensity of each wavelength of the dipole is extremely sensitive to the thickness and permittivity of each layer, the far-field emission has a relative wide divergence angle. Especially the main radiation mode, the coupling angle changes by nearly 50 degrees in the wavelength range of 180 nm. This mode is precisely caused by the intracavity structure, so that the mode coupling situation is less affected by the external environment. This also means that we can optimize structural parameters as much as possible to reduce the degeneracy of mode coupling. Simultaneously, the angle of emission is relative concentrated, which is convenient for collecting and detecting. This phenomenon at a small angle has been confirmed in previous literature and supplements [27] . In the region larger than the critical angle, the coupling strength still changes drastically with changes in angle and frequency. This is because the position of the dipole has an important role in the mode selection during mode coupling [22, 23, 36] . The dipole we selected is located on the upper surface of the metal film, so the coupling effect at large angles is relatively stronger than the internal mode [42] . It is worth noting that this mode does not always exist, and when the external environment changes, the coupling conditions will also change. For example, this mode, which is the only mode in the SP substrate, will disappear when the sample is in a water environment. Its sensitivity in different environments is also an important choice for sensing research [27] . It means that when we use such a chip as a substrate and use the above modes to retrieve the spectrum, results in the aqueous environment and the air environment often need to be separately verified. Thus, these modes are used only as auxiliary conditions in this paper to adjust accuracy. As a comparison, the graph of the single SP mode is also calculated in Figure 2B . The corresponding structure is only a single layer of silver film in the conventional literature without the remaining photonic crystal structure [31] . The most obvious difference compared to Figure 2A is that it is almost constant in the visible range, regardless of intensity or angle. This also means that in the SP substrate, most of the fluorescent probes will be coupled into surface waves in a similar manner. We call this kind of leaky radiation with similar coupling conditions a degenerate coupled emission (DCE). This is also the reason why the near-field spectral information difficult to distinguish in the scattering pattern in far field. Therefore, designing material parameters based on the mode characteristics of the structure itself can greatly reduce the possibility of degeneracy in coupling emission. For this reason, in order to show the relationship between various coupling emissions more effectively, we accurately designed the corresponding structure in Figure 2A . According to different coupling degeneracies, the commonly used visible fluorescent wavelengths from 500 nm to 700 nm are divided into three regions, which correspond to weak degenerate regions of 500 nm-550 nm, non-degenerate regions of 550 nm-680 nm, and degenerate regions of 680 nm-700 nm. It is remarkable that, in Tamm substrate, the localized electromagnetic modes at the surface are interfered by the internal modes in the weak degenerate regions. This leads to the degeneracy of the mode coupling being changed, shown in Figure 2A being bent compared to Figure 2B . This is also why such coupling emissions are degenerated in the SP substrate at a certain resolution, while that in Tamm substrate is a weak degenerate. Besides, the areas corresponding to each modes can be adjusted by simply changing the thickness of the defect layer or the spacer layer, as shown in Figure S3 of the supplementary information. Therefore, non-degenerate coupling regions can cover any wavelength region we need, which means that the initial spectrum in any wavelength can then be resolved.
Results and discussion
To prove this, we consider a probe with a certain spectrum, which in a real experiment should not be known. Then, as a first step, calculate the scatter pattern of the far field in combination with the structural parameters, where we will start from this profile and calculate the initial spectrum; the whole workflow of spectrum reconstruction can be seen in Figure S4 of the supplementary information. Similar to the illustration in Figure 1 , the brown line in Figure 3A shows the profile along the x-axis of the far-field pattern. In fact, it includes all the coupling emissions of the probe in various angles and shows the electric field radiated into the substrate, which can be described by a set of vectors, E T . 
with each element in the matrix E θ i λ j (1 ≤ i ≤ m, 1 ≤ j ≤ n) being the mode coupling intensity at different angles and frequencies among normalized dipoles, which reflects the coupling emission efficiency of fluorescent molecules at each wavelength and angle. It reflects the conversion electromagnetic distribution from near field to far field as an intrinsic property of the structure and experimentally can be done by leakage radiation microscopy [34, 43] . Simultaneously, as an efficient directional optical antenna [29] , the enhancement characteristics of the structure itself should also be considered when restoring the spectrum. The enhancement factors, λ , En of different frequencies are also calculated according to the electric field intensity distribution in Figure 3A . Combining Eqs. (1) and (2), as the last step, the relationship between the induced dipole where I represents the initial spectrum of the probe. In fact, the coupled emission factor we have previously calculated includes the intrinsic structural properties of the mode coupling efficiency and the enhancement of the electric field. All these parameters can be uniquely calculated when the structure is determined. Moreover, all we need to do is retrieve the spectrum just based on this profile and the chosen substrate. However, in general, the initial spectrum could be obtained by multiplying the inverse of the coefficient matrix of the emission light field. But in most cases, even if m and n are equal, they are not invertible matrixes. Here, we find a new strategy to study this equation. From Eq. (1), the emission of all wavelengths at any angle can be described as
For a fixed spectral resolution, the choice of angle can be much larger than the choice of wavelength. This means that to solve this equation, m can take values much greater than n. Therefore, we can randomly select as much angles as possible within a certain interval. By least squares, we can gradually get the relative ratio of certain wavelengths by repeatedly discarding those random discrete points. In each cycle, only a fraction of the wavelengths got the correct intensity ratio. Continuously picking out arbitrary angles for multiple cycles, each causing a stochastically different range of wavelengths to be retrieved, allows the relative intensities of all frequencies to be determined and thus an overall spectrum to be reconstructed. If there is enough observation time, we can add an adaptive Tikhonov regularization in each cycle as a reference for spectral analysis [44] . As shown in Figure 3B as a blue curve, in order to construct an infinite number of angles to construct our equations, we can select the corresponding intensity values on the profile. A similar curve for an SP substrate is also shown in Figure 3C , except that the coverage angle shrinks into a quite narrow region. The results of this stochastic angle spectrum retrieving method (STASRM) are shown in Figure 3D . The red line is the initial spectrum we set, and the discrete asterisk is the recovered spectrum in Figure 3D . It can be clearly seen that the spectrum is effectively retrieved from the Tamm structure. However, with the same method of retrieving from ordinary SP structures, the spectrum is still confusing. As the light blue circle symbol in Figure 3D , only the spectrum in part of the wavelength is effectively calculated. Even if we abandon the zero point and the obvious deviation point to do the fitting, the fitted spectrum still has a large error, shown as orange line in Figure 3D . The reason is the degenerate coupling emission described above. From the perspective of the matrix, we can attribute that the rank of a matrix is not full.
Hereto, we have obtained the initial spectrum in a certain resolution by STASRM. To discuss the scope of this issue, we further consider the improvement of its resolution. When trying to increase the resolution, the required calculation angle is also increased. In view of the detection of near-field unknown spectra, the Raman spectrum of the identified compounds tends to have more practical applications than fluorescent probes. So here, we directly discuss the resolution of the retrieved Raman spectra. A sufficiently large Raman region from −1200 cm −1 to 4500 cm −1 is covered, and the commonly used 532 nm laser is still selected as the excitation light. We calculated the number of non-degenerate coupling angles required at different resolutions still using this structure.
It is worth noting that reconstruction of spectra at higher resolutions needs more non-degenerate coupling angles. However, as the required spectral resolution increases, even as we increase the acquisition accuracy, the non-degenerate ability of the pattern gradually flattens and tends to be limited. Although we can further increase the number of non-degenerate coupling angles corresponding to the spectral range by optimizing the parameters, for the structural parameters we tested as shown in Figure 4A , the number of non-degenerate angles can only be up to 598. The brown dashed line in the figure indicates the number of the non-degenerate coupling angles we need at least in order to solve the original spectrum and achieve the corresponding resolution. This resolution can be calculated from the sampling of the frequency. When the corresponding non-degenerate coupling numbers in the test substrate are smaller than the brown dashed line, the rank of the matrix is not full. The critical value indicates the maximum spectral resolution that we can resolve without iteration. Obviously, for our test structure, we can achieve a resolution of 19 cm −1 . For multiple iterations of measurement retrieval, the best resolution we can achieve is 9.8 cm −1 . In contrast, the non-degenerate ability of the SP substrate is also calculated, as shown in Figure 4B . In the common Raman shift range, the number of non-degenerate coupling angles that can be accommodated in the SP structure is far less than the structure we designed, which also shows that the best resolution it can achieve is only 76.2 cm −1 . The results show that our method has reached the resolution of a general commercial spectrometer, and if we optimize the structural parameters focusing on the needed Raman shift region or if the accuracy of far-field acquisition is enhanced, the resolution can be further improved.
Currently, we only calculate along one axial. For the anisotropic probes, all we have to do is to collect the farfield scatter pattern in different directions to retrieve spectrum. On the other hand, for the isotropic structure, the far-field scatter signal should be consistent in all directions, so the signal-to-noise ratio can be further improved when we fully utilize the information in all directions. Its excellent tolerance to noise is shown in the supplementary information. Since the top surface of our substrate has a dielectric layer, it has good biocompatibility. Meanwhile, this top layer can be replaced with a silicon dioxide layer of equivalent thickness, which can be used repeatedly in many severe environments compared to existing surface-enhanced Raman scattering (SERS) substrates. Moreover, in biological experiments, most samples are in an aqueous environment. At this time, SPCE will not work, but the emission pattern of SERS at modes excitation angles can form a Tamm plasmons coupled emission ring in our substrate. Replacing the uppermost environment with water can retrieve the Raman spectrum when reconstructing the mode coupling factor matrix. Because this matrix is determined by structure and molecular location, our concise substrate can easily be expanded and serve as a high-sensitivity detection tool, especially for single molecule detection on the substrate.
Conclusions
In conclusion, a concise and efficient spectral retrieving method is proposed. By testing the designed structure, we have confirmed that the DCE can be greatly reduced in the photonic substrate containing various hybrid modes. Moreover, using the designed stochastic angle spectral reproduction algorithm, the far-field radiation signal can directly reflect the initial near-field optical information. This method makes full use of the collected information and performs spectral retrieval ability of any wavelength in a flash, even for the spectral range at the far infrared, which opens up a new spectral analysis technology in the integrated photonic chip.
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